ent signals that promote cancer progression. Neutrophils can kill harmful microorganisms by the release of neutrophil extracellular traps (NETs) into the extracellular space. NETs are scaffolds of DNA with associated cytotoxic proteins and proteases [e.g., neutrophil elastase (NE) and matrix metalloproteinase 9 (MMP9)]. NETs induced by bacteria or by cancer cells can promote metastasis, but the mechanism by which this occurs is not known. In this study, we tested whether NETs formed during lung inflammation could induce awakening.
RESULTS : We found that sustained experimental lung inflammation-induced by either tobacco smoke exposure or nasal instillation of lipopolysaccharide (LPS)-converted dormant cancer cells to aggressive lung metastases in mice. Both types of sustained inflammation also caused the formation of NETs. Inhibiting NET formation or digesting the NETs' DNA scaffold prevented conversion of single disseminated cancer cells to growing metastases in mouse models of breast and prostate cancer. The NET DNA bound to the extracellular matrix (ECM) protein laminin, thus bringing two NETassociated proteases, NE and MMP9, to their substrate. This in turn facilitated a sequential cleavage of laminin, first by NE and then by MMP9. The NET-mediated proteolytic remodeling of laminin revealed an epitope that triggered proliferation of dormant cancer cells through integrin activation and FAK/ERK/ MLCK/YAP signaling. We generated a blocking antibody against NET-remodeled laminin, and this antibody prevented or reduced tobacco smoke exposure-or LPS-induced inflammation from awakening dormant cancer cells in mice.
CONCLUSION: Our data implicate NETs and NET-mediated ECM remodeling as critical mediators of inflammation-induced awakening in mouse models of dormancy. We propose that NETs awaken cancer by concentrating neutrophil proteases at the ECM protein laminin, allowing for sequential proteolytic remodeling of laminin and leading to integrin-mediated signaling in the cancer cells. Our findings set the stage for epidemiological studies to test possible links among inflammation or smoking, NETs, and recurrence after dormancy in human patients. If such links can be established, we envision that approaches similar to the ones used in mouse models in our study could be used to target NETs and their downstream effectors to reduce the risk of cancer recurrence in human patients.
M
ost cancer patients die not from their original primary tumor but from metastases that arise in distant tissues. Often, metastatic disease occurs after a prolonged period of dormancy, when disseminated cancer cells are present but clinically undetectable (1) . Disseminated cancer cells can remain dormant for years or even decades before recurring, or awakening, as metastatic cancer. T cells and natural killer cells can eliminate the disseminated cancer cells as they start proliferating, preventing them from reaching clinically detectable levels (2) (3) (4) (5) . In contrast, increased extracellular matrix (ECM) deposition and sprouting angiogenesis have been shown to trigger awakening and metastasis in experimental models (6, 7) .
It is still unclear what triggers a change in the balance between signals that keep disseminated tumor cells from growing and those that cause awakening and outright metastases. In breast cancer survivors, elevated plasma levels of C-reactive protein, a nonspecific marker of chronic inflammation, are associated with reduced disease-free survival (8) , suggesting that inflammation may play a role in the switch between dormancy and metastasis. Inflammation has many causes: For example, smoking induces chronic inflammation in the lung, but the association between smoking and breast cancer risk has been controversial. Nevertheless, two recent, large, pooled analysis studies showed that current smoking or prior heavy smoking was significantly associated with an elevated risk of breast cancer recurrence and death from breast cancer (9, 10) . In mice, tobacco smoke exposure increased lung metastasis by a factor of 2 (11) .
Inflammation is commonly mediated by neutrophils [also called polymorphonuclear leukocytes (PMNs)], and these cells are critical for cancer cell awakening in experimental models (12) . Still, it remains unclear how neutrophils cause awakening.
Neutrophils are well known for their ability to kill harmful microorganisms. They do so via (i) phagocytosis, whereby bacteria or fungi are engulfed and digested; (ii) degranulation of cytotoxic enzymes and proteases into the extracellular space; or (iii) the formation of neutrophil extracellular traps (NETs)-scaffolds of chromatin with associated cytotoxic enzymes and proteases that are released into the extracellular space where they can trap microorganisms (13) . NETs are generated through a signaling process that involves citrullination of histones by the protein arginine deiminase (PAD) 4 enzyme, chromatin decondensation, and disintegration of the nuclear membrane. Contents from the neutrophil's secretory granules-including neutrophil elastase (NE), cathepsin G (CG), and matrix metalloproteinase 9 (MMP9)-associate with the decondensed chromatin. Finally, the plasma membrane ruptures, and the protease-associated chromatin fibers are released into the extracellular space (14, 15) . A growing body of evidence indicates a role for NETs, not just in infections but also in noninfectious inflammatory diseases (13) , thrombosis (16, 17) , and impaired wound healing in diabetes (18) . NETs formed in response to systemic bacterial infection or after surgical stress promote cancer dissemination (19, 20) . Using mouse models, we set out to identify how NET structures facilitate metastasis after a period of dormancy.
Inflammation-activated neutrophils drive cancer cell awakening
To determine whether local inflammation in the lung could directly drive awakening of disseminated, dormant cancer cells, we studied two models of dormancy. We injected luciferase-and mCherry-expressing breast cancer cells (murine D2.0R and human MCF-7 cell lines) intravenously into syngeneic BALB/c or nude mice, respectively. Tumors did not form, even 240 days after injection. Instead, single, nonproliferative cancer cells were found in the lungs (Fig. 1A and  fig. S1 , A and B) (7, 21) . To explore the effect of lung inflammation on dormancy, we nasally instilled lipopolysaccharide [(LPS), also called endotoxin, a potent inducer of inflammation] into mice bearing dormant cancer cells. One LPS instillation, which models a short infection, did not awaken the dormant D2.0R and MCF-7 cancer cells; however, three injections, which model sustained, bacterially induced lung inflammation, led to aggressive lung metastasis (Fig. 1B and fig. S1 , C to H). Small clusters of cancer cells appeared between the second and third instillations of LPS, indicating their escape from dormancy, whereas cancer cells remained as single, nonproliferative cells in control mice (Fig. 1, A to C, and fig. S1, A and B) . The same results were observed when starting LPS instillation 1 month, instead of 7 days, after intravenous injection of D2.0R and MCF-7 cells ( fig. S1 , I to N), showing that dormant cells remained sensitive to external stimuli even at later time points.
LPS instillation caused marked neutrophil recruitment (movies S1 and S2), after both one and three instillations ( fig. S2 , A to C). Still, the relationship between the awakening of D2.0R proliferation and neutrophil recruitment and activation remained unclear. To assess these dynamics, we used confocal intravital lung imaging (22) with a fluorescence ubiquitination-based 2 of 13 by bioluminescence imaging (BLI) (n = 10 mice for vehicle and LPS groups; n = 5 mice for DNase I and PAD4 inhibitor groups; means ± SD). (F) Representative BLI images at day 33. (G) Exposure to tobacco smoke (TSP, total suspended particles) induced NETs in the lungs. Images show representative immunostaining for myeloperoxidase (red), citrullinated histone H3 (green), and DAPI (blue) in the lungs of mice treated as indicated. Scale bar, 50 mm. (H to J) Targeting NETs reduced smoking-induced awakening. (H) Mice with D2.0R cells were treated as indicated, and lung metastatic burden was quantified from hematoxylin and eosin (H&E) staining (n = 8 mice for filtered air and tobacco smoke + PAD4 groups; n = 12 mice for tobacco smoke + vehicle group; mean ± SD). (I) Lungs from mice treated as indicated at day 30. (J) Representative images of H&E staining of lungs from animals described in (H) at day 30. Scale bars, 700 mm. ***P < 0.001; **P < 0.01; n.s., not significant. cell cycle indicator (FUCCI) system, which fluorescently labels cells red in G 0 and G 1 phases and green in S, G 2 , and M phases ( fig. S2D) (23) . Neutrophil infiltration and activation were tracked using the LysM-enhanced green fluorescent protein (EGFP) transgene and the NE 680 FAST probe, which fluoresces after NE cleavage.
In control mice instilled with phosphatebuffered saline (PBS), NE activity was low, and all D2.0R cells were red in the G 0 and G 1 cell cycle phases at days 8, 11, and 21 (movies S3 to S5). In contrast, beginning 5 days after the first LPS instillation (day 11), D2.0R cells became yellow, indicating that they had entered the G 1 /S transition of the cell cycle, and this transition correlated with high neutrophil recruitment and NE activity (movie S6 and fig. S2 , E and F). We detected small clusters of proliferating cells at day 14 and established proliferative lung metastasis at day 21 (movies S7 and S8 and fig. S2F ).
We next investigated whether neutrophils contributed to awakening of dormant cancer cells. Indeed, neutrophil depletion completely prevented inflammation-induced awakening of dormant D2.0R and MCF-7 cancer cells ( fig. S3 , A to I). Thus, sustained inflammation induced by LPS causes dormant cancer cells to reenter the cell cycle, and this effect requires neutrophils.
NETs awaken dormant cancer cells in mice
After LPS instillation, we detected numerous NETs in the lungs within 4 hours, persisting 24 hours later; in contrast, NETs were absent in normal lung tissue (Fig. 1D and fig. S3 , J and K). NETs were also present in the plasma after LPS treatment, as assessed by double-stranded DNA (dsDNA) assays or an enzyme-linked immunosorbent assay (ELISA) against DNA-bound NE (fig. S3, L and M).
To determine whether NETs contributed to cancer cell awakening, we blocked NET formation with a PAD4 inhibitor or digested the NET DNA scaffold with deoxyribonuclease (DNase) I (free or coated on nanoparticles) (Fig. 1D and  fig. S4 , A to F). Both treatments prevented or decreased LPS-induced awakening of dormant D2.0R and MCF-7 cancer cells (Fig. 1, E and F,  and fig. S4 , G to M). Results were similar when LPS instillation was started 1 month after intravenous injection of the cancer cells ( fig. S1, I to N), showing that NETs remained a powerful external stimulus of awakening, even at later time points. DNase I was most effective as a preventative treatment, immediately before LPS instillation, but also reduced end-point metastatic burden when administered at day 14, after the appearance of small clusters of cancer cells in the lungs (fig. S4N) . In all cases, the NET-targeting treatments reduced neutrophil recruitment (fig. S4, O and P), suggesting that NETs promote further inflammation.
The cancer cell dormancy models described above were generated by intravenous injection of cancer cells, so we used two additional approaches to explore whether NETs could also induce proliferation after natural dissemination of cancer cells. First, we used the RapidCaP prostate cancer model (24) , where prostate cancer develops from normal epithelial tissues within an intact organ. The model has a low incidence of lung metastasis (24) , and we observed no lung metastasis in control mice during the observation period, despite the presence of single, disseminated cancer cells in the lungs. In contrast, LPS instillations resulted in lung metastasis in three of five mice. However, zero of five mice developed macroscopic metastasis when NET formation was blocked with the PAD4 inhibitor, even after three additional LPS instillations ( fig.  S5 , A to C; P = 0.02). In the second approach, we allowed MCF-7 cells to form primary mammary tumors and spontaneously disseminate. We then resected those primary tumors. Under these conditions also, LPS-induced NETs awakened the cancer cells ( fig. S5, D to H) .
Repeated LPS instillation models a sustained bacterially induced inflammation. Smoking similarly induces chronic lung inflammation and has been associated with increased risk of breast cancer recurrence (9, 10) . To examine NETs and cancer cell dormancy under these conditions, we exposed mice to three different concentrations of tobacco smoke for 3 weeks. This resulted in a dose-dependent increase in neutrophil infiltration in the lungs. NETs formed in the lungs at the highest tobacco smoke exposure level (a level almost equivalent to moderate, active smoking and well above secondhand exposure to tobacco smoke) (Fig. 1G and fig. S5 , I and J). NETs, as well as LPS, were also found in the plasma of the tobacco smoke-exposed mice ( fig. S5 , K to M), suggesting that tobacco exposure causes systemic exposure to both agents.
We next tested whether the tobacco smoke could awaken dormant D2.0R cells. Indeed, aggressive metastasis developed when mice were exposed to tobacco smoke at the level that induced NET formation, and this was prevented by PAD4 inhibitor treatment. Cells remained dormant in mice exposed to filtered air ( Fig. 1, H to J, and fig. S5N ). Thus, NETs formed during inflammation induced the awakening of dormant cancer cells in multiple mouse models.
NETs awaken slow-cycling cells in vitro in ECM models
To determine how NETs induced awakening of dormant cancer cells, we turned to threedimensional (3D) culture systems, where the isolated effect of NETs could be tested in the absence of the many cell types present in lungs. Both D2.0R and MCF-7 cells become slow cycling when cultured on basement membrane matrix (matrigel) (25) , whereas metastatic D2. A1 cells, isolated from the same mammary lesion as the D2.0R cells, proliferated (fig. S6, A and B). To generate NETs, we cultured freshly isolated neutrophils and stimulated them with LPS, phorbol 12-myristate 13-acetate (PMA), or N-formyl-methionyl-leucyl-phenylalanine (fMLP) ( Fig. 2A and fig. S6 , C and D). We found that NETs were also induced by coculturing neutrophils with metastatic D2.A1 cells but not with the dormant D2.0R cells NETs ( fig. S6C ). This is similar to our previous findings using another pair of cell lines (22) , the metastatic and NETinducing 4T1 and the nonmetastatic and non-NET-inducing 4T07 cell lines. Finally, to compare the effects of NETs with that of neutrophil degranulation, we induced degranulation by culturing with complement 5a (c5a). We next tested the effect of the NET-containing conditioned media (CM) from the different neutrophil culture conditions on luciferase-expressing D2.0R and MCF-7 cancer cells cultured on matrigel ( Fig. 2A) . NET-containing CM led to the awakening and proliferation of dormant cancer cells, whereas CM from degranulated or inactivating conditions had no effect (Fig. 2 , B to D, and figs. S6E and S7, A to C). LPS, PMA, fMLP, and c5a added directly to the cancer cells had no effect on awakening in our 3D culture model systems, nor did CM from D2.A1 or D2. Given that nicotine can induce NETs in vitro (26), we next tested the effect of cigarette smoke extract (CSE) on neutrophils. We found that CSE induced NETs in vitro in a dose-dependent manner and that this NET-containing CM could also awaken the slow-cycling cells (Fig. 2 , E and F, and fig. S7, H and I). Because we had detected LPS in the plasma of tobacco smoke-exposed mice, we assessed the effect of taurolidine, a compound that neutralizes the effect of LPS (27) . Taurolidine and PAD4 inhibition both reduced CSE-induced formation of NETs, and the CM was no longer able to awaken the cancer cells (Fig. 2 , E and F, and fig. S7, H and I), suggesting that LPS present in CSE drives smokinginduced NETs. CSE had no effect on awakening when it was added directly to the cancer cells in vitro, and it caused cancer cell death at the highest concentrations ( fig. S7J ). Altogether, these results show that NETs induced by multiple means promote cancer cell awakening in vitro in the presence of an artificial ECM and in the absence of lung cells, other immune cells, and vasculature.
NET-associated proteases awaken cancer cells
Degradation of the ECM, activation of cell surface receptors, and the release and activation of cytokines and growth factors by proteases are necessary steps in metastasis (28, 29) . We hypothesized that NET-associated protease activity was responsible for the effects of NETs on awakening. Using our 3D culture systems, we analyzed the effects of inhibiting three major NET-associated proteases: CG, NE, and MMP9. Inhibiting NE or MMP9, but not CG activity, in the NET-containing CM prevented awakening of the slow-cycling cancer cells (Fig. 3A and fig.  S8 , A to D). We also isolated neutrophils from NE and MMP9 knockout mice and stimulated them to form NETs. CM from these cultures did not induce awakening (fig. S8, E and F). We found that neutrophils, but not cancer cells, were the main source of these proteases. NETcontaining CM did not induce expression of the proteases in cancer cells ( fig. S9 , A to C), and short hairpin RNA (shRNA)-mediated knockdown of NE and MMP9 in D2.0R cells did not affect the capacity of these cells to be awakened by NET-containing CM in vitro (fig. S9, D to F).
In vivo, inhibiting NE and MMP9 activity also prevented LPS-induced cancer recurrence Albrengues et al., Science 361, eaao4227 (2018) 28 September 2018 4 of 13 , and anti-histone H2B (green) staining were used to assess NET formation. Scale bar, 100 mm. (F) BLI signal 14 days after indicated treatments. Taurolidine and PAD4 inhibitor were used during neutrophil culture to block NET formation (n = 3; means ± SD). ***P < 0.001; **P < 0.01; n.s., not significant. (Fig. 3, B and C, and fig. S9 , G to J). NE inhibition prevented NET formation in vivo, consistent with the known requirement for NE activity during NET formation (30, 31) . In contrast, NETs still formed in vivo after MMP9 inhibition, but cells remained dormant, suggesting that the activity of this NET protease is critical for awakening (Fig. 3, D and E) . Similar to the prevention of NET formation by PAD4 inhibition, inhibition of NE, but not MMP9, also reduced neutrophil recruitment to the lungs after LPS-induced inflammation ( fig. S9K ).
To determine whether the NET proteases induced awakening by acting directly on the cancer cells or by altering their microenvironment, we preincubated matrigel with NET-containing CM before cancer cell plating ( fig. S9L ). This was sufficient to induce awakening but required both NE and MMP9 activity ( fig. S9M, red bars) . If the proteases were inhibited during cancer cell culture, after NET-mediated matrigel remodeling had already occurred, then awakening was not inhibited ( fig. S9M, peach-colored bars) . These data suggest that NET-associated NE and MMP9 induce awakening of dormant cancer cells through ECM remodeling.
NETs awaken cancer cells by laminin remodeling
We next sought to identify the ECM substrate of NE and MMP9 during NET-mediated awakening of dormant cancer cells. According to the manufacturer, matrigel is composed mainly of laminin-111 (60%), collagen type IV (30%), and entactin (8%). Proteolysis of laminin-111, which consists of the a-1, b-1, and g-1 laminin chains, 5 of 13 , and anti-citrullinated histone H3 (green) staining were used to assess NET formation in the lungs of mice treated as indicated. Scale bar, 50 mm. (E) Quantification of NET-forming neutrophils (n = 3 mice; means ± SD). ***P < 0.001; **P < 0.01; n.s., not significant.
has previously been linked with regulation of proliferation and cellular architecture in 3D cultures (32) . Both D2.0R and MCF-7 cells remained slow cycling when cultured on purified laminin-111 in vitro (fig. S10, A and B) but were awakened by NET-containing CM (Fig. 4A,  and fig. S10 , C to E).
To test whether NET-associated proteases could cleave laminin, we used commercially available purified laminin-111. Whereas NET-containing CM led to laminin-111 cleavage, CM from degranulating or nonactivating conditions did not (Fig. 4B and fig. S10F ). Using recombinant (r) NE and MMP9, we found that both proteases in combination were necessary to induce cancer cell awakening (Fig. 4C and fig. S10 , G to I). Laminin-111 was cleaved by rNE alone but not by rMMP9; however, when both proteases were present, the cleavage fragments were different (Fig. 4D and fig. S10J ). Similarly, when laminin-111 was treated with NET-containing CM, cleavage S22B ) (n = 3; means ± SD).
(F) NET-associated proteases had higher laminin-111 cleavage activity than DNase-released NE and MMP9. Laminin-111 was incubated as indicated before SDS-PAGE. DNase I was added after PMN culture. (G) NE and MMP activity toward soluble fluorescent substrates was not reduced by DNase I treatment of NET-containing CM. NE and MMP activity in the indicated PMN CM is shown. DNase I was used after PMN activation (n = 3; means ± SD). (H) NET-associated proteases had higher awakening activity than free NE and MMP9. Laminin-111 was incubated as indicated before D2.0R cell culture. BLI quantification of cancer cells at day 14 (n = 3; means ± SD) is shown. (I) NETs bound preferentially to laminin-111. CM from neutrophils stimulated with LPS to form NETs was incubated on plastic or ECM-coated plates as indicated. dsDNA bound to ECM proteins was quantified (n = 3; means ± SD). ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant.
was completely blocked after NE inhibition but was only partially blocked after MMP9 inhibition ( fig. S10K ). Therefore, we hypothesized that laminin-111 is cleaved sequentially-first by NE and subsequently by MMP9-to trigger awakening. Indeed, proteolysis of laminin-111 first by rNE and then by rMMP9, but not in the reverse order, led to cancer cell awakening ( Fig.  4E and fig. S10G ). Our in vitro experiments suggest that laminin-111 is the primary substrate of NET proteases in 3D culture. However, laminin-111 has not consistently been detected in adult lungs. Therefore, we assessed the expression of laminin in lung tissue. We confirmed the presence of mRNA coding for the three laminin-111 chains by quantitative polymerase chain reaction (qPCR) and in situ hybridization, and we used multiple antibodies for immunofluorescence and Western blot analyses to detect laminin-111 protein ( fig.  S11, A to D) . Laminin-111 mRNA expression was not affected by nasal LPS instillation, but cleaved laminin-111 was readily detectable in lung tissue lysate after inducing inflammation with LPS ( fig. S11, A and D) . A polyclonal anti-laminin-111 antibody was used for Western blot and immunofluorescence analysis; thus, we could not exclude the possibility that this reagent recognized not only laminin-111 but also other laminin isoforms containing a-1, b-1, or g-1. Hence, we tested whether NET-containing CM also could awaken cancer cells cultured on other laminin isoforms. We found that laminin-211, -411, and -511 were all sufficient to support NET-induced awakening ( fig. S11E ), which suggests that awakening can occur in any tissue containing one of these laminins-e.g., at the perivascular niche.
NET DNA acts as a proteolysis scaffold
Our data showed that proteolytic remodeling is required for cancer cell awakening; yet, digesting NET DNA with DNase I also prevented awakening in vivo and in vitro (Figs. 1, E and F; and 2, B and D; and figs. S4, G to I, L, and M; and S7B). Consistently, laminin-111 was readily cleaved by incubation with NET-containing CM, and this cleavage was prevented by DNase I (Fig. 4F) . Nevertheless, DNase I digestion did not reduce the protease activity against soluble fluorescent substrates (Fig. 4G) . However, adding recombinant proteases at the activities measured in the NET-containing CM (120 ng/ml rNE, 6 ng/ml MMP9) or in NET-containing CM after DNase I treatment (160 ng/ml rNE, 6 ng/ml MMP9) had no effect on awakening. Instead, much higher concentrations of the recombinant proteases (2 mg/ml each, the concentrations used in Fig. 4, C to E, and fig. S10 , H to K, in accordance with the literature) were necessary to induce cancer cell awakening (Fig. 4H) . We found areas of NE colocalizing with MMP9 on the DNA fibers of NETs ( fig. S11F) . Furthermore, NET DNA preferentially bound to laminin-111 over other tested ECM proteins (Fig. 4I and fig. S11G ). These findings suggested that the NET DNA scaffold allowed the NET proteases to cleave their substrate more efficiently than when the proteases freely diffused because the DNA binds to laminin and because the two proteases colocalize to the same DNA scaffold.
Thrombospondin-1 (TSP-1), a large glycoprotein present in the basement membrane surrounding mature blood vessels, regulates cancer cell dormancy (6) . TSP-1 secretion by bone marrowderived Gr1 + cells (which include neutrophils) generates a metastasis-resistant microenvironment, which can be overcome through neutrophilmediated proteolysis of TSP-1 (33, 34). We found that TSP-1 was also a substrate for NET-associated NE and MMP9 in vitro ( fig. S11H ) and that it was degraded in vivo after LPS-induced lung inflammation ( fig. S11I ). TSP-1 degradation alone did not convert slow-cycling cells to proliferating cells in vitro ( fig. S11J) . However, intact TSP-1 decreased proliferation caused by cleaved laminin-111 (fig. S11, K and L). Our data suggest that TSP-1 modulates cancer cell awakening caused by proteolytic remodeling of laminin-111.
NET-remodeled laminin activates integrin a3b1 signaling
We next focused on how NET remodeling of laminin-111 led to cancer cell awakening. Integrins are cell surface ECM receptors that recognize conformational changes in the ECM, and signaling through integrin b1 has previously been shown to induce awakening (7, (35) (36) (37) . Consistently, a marker for cell proliferation, Ki67, was associated with integrin b1 activity and reorganization of the actin cytoskeleton after incubating D2.0R or MCF-7 cells with NET-containing CM or rNE and rMMP9 (Fig. 5A and fig. S12, A and  B) . The integrin b1 outside-in signaling pathway can activate the downstream mediators focal adhesion kinase (FAK), MAP kinase ERK kinase (MEK), extracellular signal-regulated kinase (ERK), myosin light chain kinase (MLCK), myosin light chain 2 (MLC2), and yes-associated protein (YAP). Accordingly, NET-induced awakening led to activation of FAK, ERK, and MLC2, which required NE and MMP9 activity (Fig. 5B) . Moreover, targeting the integrin b1 outside-in signaling pathway at different signaling points using chemical inhibitors or RNA interference inhibited NETinduced awakening in vitro (Fig. 5, C and D, and  fig. S12, C and D) . Inhibition of integrin b1, FAK, MEK, MLCK, myosin, and YAP activities all led to the loss of FAK, ERK, and MLC2 phosphorylation upon stimulation with NET-containing CM (fig. S12, E to K), in accordance with the positivefeedback loop within this signaling pathway (38) . To identify which b1-containing integrin pair was involved in cancer cell awakening, we tested D2.0R cells for expression of a integrins known to associate with integrin b1 ( fig. S13A ) (39) . Through shRNA mediated knockdown (fig. S13B), we found that awakening of dormant cancer cells by NETs required integrin a3, integrin b1, and YAP in the cancer cells (Fig. 5, E to G,  and fig. S13, C and D) .
LPS-induced lung inflammation resulted in laminin cleavage that was detectable in lung lysate, and this cleavage depended on neutrophil recruitment, NET formation, and NE and MMP9 activities (fig. S14A ). Laminin cleavage was blocked after NE inhibition but was only partially blocked after MMP9 inhibition, consistent with sequential laminin cleavage by NE and MMP9 in vivo. However, no discernable changes in laminin immunofluorescent staining patterns were observed in lungs after LPS-induced inflammation ( fig. S10H ). Additionally, under nonreducing and nondenaturing conditions, we did not observe many laminin-111 fragments after rNE and rMMP9 cleavage but rather a reduction in its apparent molecular weight (Fig. 6A) . These results suggest that NET-mediated proteolysis induced a change in the 3D structure of laminin. We hypothesized that a new laminin-111 epitope was revealed after NET-mediated proteolysis and that the dormant cancer cells sensed this new epitope through integrin a3b1, leading to cancer cell proliferation. To test this idea, we generated monoclonal antibodies (mAbs) from rats immunized against purified rNE and rMMP9 cleaved laminin-111 ( fig. S14B ). Three laminin-111-recognizing antibody clones (Ab19, Ab25, and Ab28) strongly blocked NET-induced integrin b1 activation and subsequent cancer cell awakening in vitro ( Fig.  6B and fig. S14C ). Of these antibodies, Ab28 specifically recognized NET-remodeled laminin-111 but not intact laminin, whereas Ab19 and Ab25 recognized both laminin-111 forms (fig. S14, D and E). We cannot exclude the possibility that other laminin isoforms share the antibody epitopes after NET-mediated remodeling and also are recognized by the antibodies.
Using Ab28, we detected the NET-remodeled laminin epitope in inflamed lungs. It was not present after neutrophil depletion or after inhibition of NET formation or NE or MMP9 activities ( Fig. 6C and fig. S14F ). The epitope was also present in lung tissue from tobacco smokeexposed mice but only at an exposure level that induced NETs (Fig. 6D) . Moreover, the NETremodeled laminin epitope was only detectable in lungs after three LPS instillations, the number of doses required to awaken cancer cells (fig. S15A) .
The NET-remodeled laminin epitope was detectable in the same lung regions as the NETs (fig. S15A ). Furthermore, using D2.0R cells expressing the FUCCI cell cycle reporter ( fig. S2D) , we observed that all green cells (indicating S, G 2 , or M cell cycle phase) or cells that were part of a cluster were located adjacent to remodeled laminin, whereas cells close to intact laminin all remained red (indicating G 0 or G 1 cell cycle phase) ( fig. S15, B and C) . This colocalization pattern suggested that the NET-remodeled laminin epitope was driving the awakening of cancer cells in vivo. To test this, we engineered rat monoclonal antibodies as chimeric mouse immunoglobulin G 2a (IgG2a) antibodies (chiAbs), which can be used in mice without eliciting an immune response. ChiAb28 inhibited cancer cell awakening in vitro ( fig. S15D ) and in both in vivo systems (LPS-and tobacco smoke-induced inflammation) (Fig. 6, E to I, and fig. S15 , E and F). Together, our data identify a mechanism by which sustained lung inflammation, induced by either tobacco smoke or LPS exposure, can lead to NET-induced proteolytic laminin remodeling that can drive cancer recurrence in the lungs of mice.
Discussion
Neutrophils recruited during lung inflammation can initiate awakening of dormant cancer cells, as described here and in previous work (12) . Now, we report that NETs formed by neutrophils during LPS-or tobacco smoke-induced lung inflammation are required to awaken dormant cancer cells and cause metastasis in mice. We propose that NETs concentrate neutrophil proteases, NE and MMP9, at their substrate, laminin, allowing sequential cleavage and generating an epitope that triggers cancer cell awakening.
Previous studies pointed to a central role for integrin b1 signaling in the awakening of dormant cancer cells (7, 21, 35, 40) (n = 7 mice for filtered air + IgG, n = 8 mice for tobacco smoke + ChiAb28 inhibitor, n = 11 mice for tobacco smoke + IgG; means ± SD). Scale bars, 700 mm. ***P < 0.001; **P < 0.01; *P < 0.05; n.s., not significant.
response to LPS-or tobacco smoke-induced lung inflammation. Given that our antibody preserves normal integrin b1 signaling, it may be a potent strategy to prevent cancer recurrence and more broadly serve as a treatment for other NETassociated pathologies, such as transfusion-related acute lung injury (41) . Our in vitro experiments identified laminin-111, -211, -411, and -511 as key ECM proteins that cause NET-induced cancer cell awakening. It is particularly intriguing that NETs target laminin-411 and -511, present in the perivascular niche, because this niche has been shown to regulate breast cancer dormancy (6) . In previous studies, TSP-1, which is also present in this niche, was identified as a regulator of tumor dormancy and metastasis (6, 33, 34) . In vitro, NET-mediated degradation of TSP-1 did not induce awakening. Rather, intact TSP-1 inhibited NET-induced awakening, and NET-mediated degradation of TSP-1 overcame the inhibition. Thus, TSP-1 degradation is likely required in parallel with laminin remodeling in the intact tissue to create a permissive niche for the awakening of dormant cancer cells.
Stiffness of the environment can lead to cell tension-mediated YAP activity, and we have demonstrated that YAP activity is critical for inflammation-induced cancer cell awakening. Our results therefore suggest that changes in cell tension occur after binding to NET-remodeled laminin and play a role in the awakening of disseminated dormant cancer cells. Consistently, experimental lung fibrosis, which is associated with increased ECM stiffness, induces cancer cell awakening from dormancy (7). Furthermore, D2.0R and MCF-7 cells are dormant in soft environments in vitro-such as on matrigel, laminin-111 gel, and 0.2-kPa hydrogel (which mimics the stiffness of the lungs)-but these cells proliferate on stiff 2D cell culture dishes. In vivo, dormant, disseminated tumor cells are preferentially located within the soft niches of stiff tissues such as bones-e.g., in the bone marrow (42) .
NETs drive dormant cancer cells to initiate proliferation, but T cells and natural killer cells may recognize these disseminated cells as they start to proliferate (2, 3, 43) . The role of the adaptive immune system in our mouse models is unclear, but LPS increases glucocorticoid levels (44), inhibiting adaptive immune cells. Therefore, LPS and smoking may spur the growth of dormant cells by providing signals to both initiate proliferation, via NETs, and to overcome immune control, through glucocorticoids.
Chronic inflammation and smoking are wellknown risk factors in metastatic recurrence (8, 9) . Obesity is also associated with chronic, low-grade inflammation and with elevated NET release (45) , and neutrophils contribute to obesity-associated metastasis in mice (46) . Our findings set the stage for epidemiological studies examining whether there are any correlations between inflammation, smoking, and obesity; NETs; and cancer recurrence after a long period of dormancy in patients. If such correlations exist, we envision that NETs and their downstream effectors could be targeted to reduce the risk of cancer recurrence.
Materials and methods summary
Proliferation assay Ninety-six-well culture-plates were coated with 50 ml of growth factor reduced matrigel (#356231, Corning) or mLN-111 (#3446-005-01, R&D Systems) and incubated at 37°C for 30 min. The murine D2.0R cell line was used on matrigel or mLN-111 as indicated in the figures, and the human MCF-7 cell line was used on matrigel. mCherry-luciferase cells (2 × 10 3 ) were resuspended in 100 ml of DMEM supplemented with 1% FCS and 2% matrigel or 2% mLN-111 and grown on the coated wells. The next day, media were replaced with 100 ml of CM from neutrophils cultured at indicated conditions. The CM was changed every four days. After 14 days, 100 ml of medium containing 5 mg/ml of luciferin (#Luck-1G, Goldbio) were added to the wells and proliferation was measured by bioluminescence imaging (BLI) using a plate reader (SpectraMax i3, Molecular Devices). To measure the proliferation of D2.0R cells expressing integrin, NE, and MMP9 shRNA, CellTiter 96 AQueous One Solution Cell Proliferation Assay (#G3580, Promega) was used, following the manufacturer's instructions.
Animals
Female BALB/c, nude, and C57BL/6J mice were purchased from Charles River Laboratories. Female NE knockout (KO) (#6112) and MMP9 KO (#7084) mice were purchased from The Jackson Laboratory. RapidCaP mice consisted of Pten loxP/loxP ; Trp53 loxP/loxP ; TdTomato loxP/+ transgenic mice into which a Luc-Cre lentiviral plasmid (Tyler Jacks, #2090, Addgene, purchased from The University of Iowa Viral Vector Core) was injected into the prostate, as previously described (24) . All procedures were approved by the Cold Spring Harbor Laboratory or University of California, Davis Institutional Animal Care and Use Committee and were conducted in accordance with the NIH's Guide for the Care and Use of Laboratory Animals.
Activation of neutrophils and NET formation assays
Isolated neutrophils (250,000) were cultured in 24-well plates containing 500 ml of serumfree DMEM and activated overnight with LPS, PMA, fMLP, or CSE to induce NETs. Cancer cells were also cocultured with neutrophils to induce NETs, as previously described (22), using Transwell with the two chambers separated by a 0.4-mm porous membrane (#353495, Corning). Neutrophils were placed on the bottom of the lower chamber, whereas the cancer cells (100,000 D2.0R or D2.A1 cells) were placed on the membrane of the upper chamber. To induce degranulation, recombinant complement 5a was used. The next day, the neutrophil CM were collected. GSK484 and DNase I were added 30 min before neutrophil activation to inhibit PAD4 or to digest NET DNA, respectively. To assess NET formation, neutrophils grown on poly-L-lysine-coated coverslips (#354085, Corning) were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature, rinsed twice in PBS, incubated in 50 mM of NH 4 Cl for 10 min and permeabilized with 0.5% Triton X-100 (#BB151-500, Thermo Fisher Scientific) for 5 min. For mLN-111, samples were then loaded on SDSpolyacrylamide gel electrophoresis, and the gel was stained with coomassie blue in a small plastic box. For hLN-111, samples were processed as described in the "Western blot" section of the supplementary materials and methods. For analysis on native gel, SDS and b-mercaptoethanol were omitted from the lysis and running buffers.
Effects of experimental inflammation on dormant cancer cells in vivo
To generate dormant disease, we intravenously injected mCherry-luciferase-D2.0R or -MCF-7 cells (500,000 per mouse) in 100 ml of PBS into 8-weekold female BALB/c or nude mice, respectively. Nude mice were implanted with 17b-estradiol 0.36 mg/pellet (#SE-121, Innovative Research of America) 48 hours before MCF-7 cell injection. To determine how lung inflammation reactivates dormant tumor cells in the lung, we induced inflammation through intranasal instillation of LPS derived from Escherichia coli strain 0111:B4 (#L4391, Sigma). LPS (50 ml at a concentration of 0.25 mg/ml, or PBS as control) was administered intranasally on days 7, 10, and 13 or on days 30, 33, and 36 with a P200 pipette under anesthesia (2.5% isoflurane) into mice that had been injected with cancer cells at day 0. Neutrophils were depleted by administering anti-Ly6G antibodies intraperitoneally (clone 1A8, #BP0075-1, Bio X Cell, 200 mg/mouse). Anti-Ly6G antibodies were first given one day before the first LPS administration, and the treatment continued three times weekly until the end of the experiment on day 33. Rat IgG2a isotype was used as a control (clone 2A3, #BP0089, Bio X Cell, 200 mg/mouse). Inhibitors were intraperitoneally injected, starting on the first day of LPS treatment. On days when the mice received LPS administration, they were treated three times with inhibitors (30 min before LPS administration, three hours after administration, and 6 hours after administration). On all other days, one daily treatment was given, continuing until the end of the experiment on day 33. The doses of the inhibitors were: 50 mg/kg sivelestat (NE inhibitor, #3535, Tocris); 15,000 units/kg DNase I (#04536282001, Roche); 20 mg/kg GSK484 (PAD4 inhibitor, #17488, Cayman Chemical), 50 mg/kg SB3-CT (MMP9 inhibitor, #HY-12354, Medchem Express). Vehicle consisted of 10% dimethyl sulfoxide (DMSO) in PBS for the mice treated with sivelestat, GSK484, and SB3-CT; and PBS for mice treated with DNase I. Immobilization of an enzyme on the surface of nanoparticles can increase enzyme stability, therefore, we also generated and used DNase I-coated nanoparticles, as previously described (22) . The nanoparticles were suspended such that each microliter contained one unit of DNase I; 75 units of DNase I-coated nanoparticles were administered intraperitoneally per mouse. Uncoated nanoparticles were used as control. To follow metastatic disease, mice were injected intraperitoneally with luciferin (5 mg per mouse, #Luck-1G, Goldbio) and imaged using the IVIS Spectrum in vivo imaging system (#128201, PerkinElmer) every 3 days. For experiments analyzing the effect of inhibitors on lung inflammation, cancer cells were not injected, and mice were treated with LPS at days 0, 3, and 6. On days when the mice received LPS administration, they were treated three times with inhibitors (30 min before LPS administration, three hours after administration, and six hours after administration). On all other days, one daily treatment was given. Mice were sacrificed at day 7 for tissue processing or at the times indicated in the figure legends.
Effects of tobacco smoke exposure on dormant cancer cells in vivo
To generate dormant disease, mCherry-luciferase-D2.0R (500,000 per mouse) in 100 ml of PBS was intravenously injected into 8-week-old female BALB/c mice. To determine how tobacco smoke (TS) exposure reactivates dormant tumor cells in the lung, the mice were exposed to tobacco smoke or filtered air for three weeks starting one week after injection using a smoke exposure system (Pinkerton laboratory, University of California, Davis). For the TS exposed group, mice were exposed five days/week for three weeks to an average concentration of 75 ± 11 mg/m 3 of tobacco smoke particulate for 6 hours/day using 3R4F research cigarettes (Tobacco Research Institute, University of Kentucky) that were burned at a rate of four cigarettes every 10 min with a puff volume of 35 ml over a duration of 2 s, once per minute. Both side-stream and mainstream cigarette smoke were collected via a chimney and passed to a dilution and aging chamber to allow the animals to acclimate to TS exposure. The TS exposure started at an initial exposure concentration of 60 mg/m 3 and was increased, ultimately achieving a final target concentration of 90 mg/m 3 . After each 6-hour exposure to TS, the mice were then kept in the same chamber but in filtered air. For the control group, mice were handled in the same way, but were instead exposed to filtered air for 24 hours/day, 7 days/ week for the duration of the study. The concentration of carbon monoxide in the exposure chambers was monitored and averaged 215 ± 36 ppm over the 3 weeks of exposure. Mice were treated with vehicle (10% DMSO in PBS) or PAD4 inhibitor (GSK484, #17488, Cayman Chemical) intraperitoneally at a dose of 20 mg/kg/day to inhibit NET formation, starting on the first day of TS exposure and every day until the end of the experiment. ChiAb28 was administered intravenously at a dose of 200 mg/mouse to target NETremodeled laminin in the lungs, starting on the first day of environmental TS exposure. ChiAb28 was given every 3 days until the end of the experiment. Mouse IgG2a isotype was used as a control (Clone C1.18.4, #BE0085, Bio X Cell, 200 mg/mouse).
Confocal intravital lung imaging
We used a modified version of our previously described method for lung imaging (22) . Mice were anesthetized by intraperitoneal injection of ketamine/dexdomitor (100 mg/kg; 0.5 mg/kg). Saline (500 ml) was injected peritoneally prior to surgery, then tracheotomies were performed, and mechanical ventilation was initiated (MiniVent ventilator for mice, Model 845, Harvard Apparatus) with the mice on a heated stage. From this point forward, the mice were kept anesthetized at 0.8 to 1.0% isoflurane delivered through the ventilator at 80 to 100 breaths per minute, with 25 ml of water maintaining positive end expiratory pressure. A thoracotomy was then performed by making an incision between the fourth and fifth rib, and a 3D printed thoracic suction window with an 8-mm coverslip was inserted (47) . The window was secured to the stage with singleaxis translator micromanipulators (#MSH1.5, Thor Labs), and the left lung was held in place by vacuum pressure, which was adjusted to 15 to 20 mmHg. Mice were imaged with our custombuilt spinning disk confocal microscope modified to upright configuration, as described previously (22) . The microscope was controlled by MicroManager software, and data analysis and time-lapse movies were generated using Imaris software.
To visualize neutrophil recruitment and neutrophil elastase activity, LysM-EGFP mice [on BALB/c background (48) ] were administered intranasally with LPS (50 ml, at a concentration of 0.25 mg/ml) or PBS as control as indicated and intravenously with neutrophil elastase 680 FAST probe (4 nmol in 100 ml, #NEV11169, PerkinElmer, 3 to 6 hours before imaging). At the time of imaging, DAPI was administered (5 mg/ml) intravenously, and images were captured for 2 to 8 hours. To monitor cancer cells exiting dormancy and undergoing cell cycle progression, D2.0R cells labeled with FUCCI reporter (500,000) were injected intravenously into BALB/c mice at day 0, and the mice were treated with LPS on days 7, 10, and 13, as described above. On days of imaging, the neutrophil elastase 680 FAST probe was administered intravenously 3 to 6 hours before imaging.
Enzyme-linked immunosorbent assay (ELISA) for NETs 96-well Enzyme ImmunoAssay/Radio ImmunoAssay (EIA/RIA) plates (#3590, Costar) were coated overnight at 4°C with an anti-elastase antibody (1:250, #sc-9521, Santa Cruz Biotechnology) in 15 mM of Na 2 CO 3 , 35 mM of NaHCO 3 , at pH 9.6. The next day, the wells were washed three times with PBS, blocked in 5% BSA for two hours at room temperature, and washed three times with PBS. Then, 50 ml of plasma samples were added to the wells, incubated for two hours at room temperature on a shaker, and plates were washed three times with wash buffer (1% BSA, 0.05% Tween 20 in PBS). Next, anti-DNA-peroxidase conjugated antibody (1:50, #11774425001, Roche) in 1% BSA in PBS was added to the wells for 2 hours at room temperature, and the wells were washed five times with wash buffer before the addition of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS, #37615, Thermo Fisher Scientific). Optical density was read 40 min later at 405 nm using a plate reader (SpectraMax i3, Molecular Devices).
Generation of anti-NET-remodeled laminin-111 antibodies mLN-111 (6 mg) was incubated with recombinant NE and MMP9 (2 mg/ml each) at 37°C for 6 hours. To remove the recombinant proteases, the cleaved laminin-111 solution was purified using a 100-kDa molecular weight cut-off (MWCO) column (#VS0641, Vivaspin 6, Sartorius), following the manufacturer's instructions. The presence of laminin-111 and the absence of NE and MMP9 in the upper fraction (>100 kDa) was then assessed using Western blot analysis. The upper fraction containing the cleaved laminin-111 was next dialyzed in PBS using 20,000 MWCO dialysis cassettes (#87735, Thermo Fisher Scientific). Three 6-week-old Sprague Dawley rats (Taconics) were immunized with 1.5 mg of cleaved laminin-111 (100 mg per animal per boost, for five weekly boosts). Immune response was monitored by ELISA to measure the serum anti-NET-remodeled laminin-111 IgG titer from blood samples. After a 60-day immunization course, the rat with the strongest anti-cleaved laminin-111 immune response was terminated, and 10 8 splenocytes were collected for making hybridomas by fusing with the rat myeloma cell line YB2/0, following the standard method (49) . All procedures were approved by the Cold Spring Harbor Laboratory Institutional Animal Care and Use Committee. The antibodies generated were tested and endotoxin free.
Generation of chimeric antibodies
To make antibodies for in vivo experiments, we engineered the rat mAbs into mouse chimera antibodies (chiAbs), as this reduces the likelihood of the mice developing neutralization antibodies. In brief, the rat mAb V-domains from the heavy and light chains were cloned into the mice IgG2a framework. The resulting chimeric IgG2a antibody therefore comprised rat V-domains in frame with the constant regions of mice IgG2a. The recombinant chimeric antibodies were then produced from HEK293 cells transfected with the chimeric IgG2a expression constructs, followed by standard purification procedures from the culture supernatants.
Statistical analysis
Data from in vivo BLI quantification were analyzed using one-way ANOVA followed by Tukey's procedure, except for fig. S7F , where a two-sided t test was used. Data from in vitro BLI were analyzed using two-way ANOVA followed by Tukey's procedure, except for Figs. 4, C and E, and 6B, and figs. S7J and S15D. The data represented in these figures were analyzed using one-way ANOVA followed by Dunnett's procedure, with the reference group indicated on the figure.
Data from NE and MMP9 activity in vitro were analyzed using two-way ANOVA followed by Tukey's procedure, while data from NE and MMP9 activity in vivo were analyzed using oneway ANOVA followed by Dunnett's procedure, where the reference group was indicated on the figure. Assays on dsDNA, plasma NET and LPS, number of DTCs/mm 2 , metastatic burden, neutrophils' number per field, percentage of neutrophils forming NETs, and percentage of Ki67-positive cancer cells in vitro-except for fig. S7G -were analyzed using one-way ANOVA followed by Dunnett's procedure, with the reference group indicated on the figure. Fig. S7G was analyzed using a two-sided t test.
Data from qPCR quantification were analyzed using one-way ANOVA followed by Dunnett's procedure, where the reference group was indicated on the figure, except for fig. S10F , where a two-sided t test was used. To analyze lung metastasis-free survival ( fig. S5C ), Kaplan-Meier curves of RapidCaP mice were analyzed using a log-rank (Mantel-Cox) test. For fig. S5C , an exact P value was computed using Fisher's exact test to evaluate the likelihood that the metastatic types (macrometastasis, micrometastasis, single DTC) differed among groups. The analyses on figs. S2E and S15B had the cancer cell as the experimental unit, with each cell characterized on the two variables of interest for the figure. Fisher's exact test was used to assess whether the percentage of cells that were "next to Ab28" in each cell type group were different among the groups. The exact test was significant (P < 0.0001). All PBS cells were G 0 /G 1 single cells and were not "next to Ab28." LPS and G 0 /G 1 single cells were equally likely to be "next to Ab28" or "not next to Ab28." All LPS and S/G 2 /M single cells and all LPS and clusters of cells were "next to Ab28." Analysis for figs. S5C, S2E, and S15B were generated using Proc Freq in the SAS/STAT software, version 9.4 of the SAS system for Windows.
A P value less than 0.05 was considered significant, and P values are indicated in figures as ***P < 0.001, **P < 0.01, and *P < 0.05. All statistical analyses were performed using GraphPad Prism software version 7 unless otherwise stated.
